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(54) ULTRA-WIDEBAND CIRCULAR BEAMFORMER

(57) An ultra-wideband (UWB) beam forming system
is disclosed. In one or more embodiments, the UWB
beam forming system includes a plurality of radiating el-
ements forming a circular, cylindrical, conical, spherical,
or multi-faceted array and a beamformer (202) coupled

to the radiating elements. The beamformer includes one
or more transformable reconfigurable integrated units
(TRIUNs) (100) configured to independently control in-
dividual radiating elements or groups of radiating ele-
ments of the plurality of radiating elements.
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Description

BACKGROUND

[0001] Narrowband circular and cylindrical Active Elec-
tronically Array (AESA) Beamformers (BF) with both om-
nidirectional (omni) and directional modes are extremely
challenging to implement.
[0002] The directional mode requires a circular com-
mutating switching network where only about one third
of the cylindrical/circular surface is illuminated at any
time. The one third active ("tuned on") arc of radiating
elements must commutate 360° in azimuth, and the en-
tire Tx/Rx RF power needs to be optimally routed to the
one third active arc. Amplitude tapering is required for
optimal side lobe levels within the azimuth plane, and
differential phase shift is required to steer the directional
beam in the azimuth plane about the directional beam’s
nominal boresight.
[0003] The omnidirectional mode of the circular array
requires all elements to be illuminated. Cylindrical array
phase mode theory allows both amplitude tapering and
non-uniform differential phase excitation of adjacent el-
ements for optimal omnidirectional performance as a
function of array radius. Cylindrical arrays require an ad-
ditional amplitude tapering and differential phase imple-
mentation in addition to those described above - in the
vertical plane.
[0004] Historically, it has been impractical to simulta-
neously meet all of these conditions. Ultra-wide Band
(UWB) BFs are even more challenging as they require:
time delay (TD) for beam steering and pattern shaping,
with is more complicated to hardware implement than
the modulo-360° phase shift needed for narrow band sys-
tems; and low amplitude ripple in a circular UWB array’s
omnidirectional mode is a strong function of array radius,
as is commonly known in the literature. Furthermore, for
optimal UWB omnidirectional mode performance, an ad-
justable or "elastic" array radius is required, which is im-
possible to implement within a "static" array lattice con-
figuration. Cylindrical arrays also required time delay for
beam steering in the orthogonal, elevation plane. It is
also desirable to implement the above concepts in con-
ical arrays.
[0005] Traditional "discrete" active Radio Frequency
(RF) circuits are problematic in terms of beamformer (BF)
hardware implementation because: they are too physi-
cally large for higher microwave (mwave)/millimeter wave
(mmWave) array BF topologies since typically half-wave
element spacing is used to prevent grating lobes (aka
parasitic beams); circuit layout compaction due to array
radiating element lattice spacing constraints can cause
heat flux density/thermal management problems within
the BF; and a dual omni/directional mode circular/cylin-
drical array BF will have a very dense set of RF, DC and
digital control signal paths which further exacerbates the
packaging and interconnect density challenges within the
BF.

[0006] UWB simultaneous, independently steered
multi-beams in azimuth (and/or elevation) are also diffi-
cult to realize in contemporary technology due to the re-
quirement of parallel "banking" of duplicate BFs, with one
BF per each beam.
[0007] There is a need for an UWB, miniature BF Ar-
chitecture that incorporates reconfigurable RF signal
path switching with commensurate combining/splitting,
along with adjustable channel amplitude and TD is re-
quired to improve the existing BF architecture.

SUMMARY

[0008] An ultra-wideband (UWB) beam forming sys-
tem is disclosed. In one or more embodiments, the UWB
beam forming system includes a plurality of radiating el-
ements forming a circular, cylindrical, conical, spherical,
or multi-faceted array and a beamformer coupled to the
radiating elements. The beamformer includes one or
more transformable reconfigurable integrated units (TRI-
UNs) configured to independently control individual ra-
diating elements or groups of radiating elements of the
plurality of radiating elements. Using one or more TRI-
UNs to implement and n-channel switch and/or a n-way
splitter/combiner allows for miniaturization and simplifi-
cation of the beamformer network, which is very difficult
to do with passive transmission lines.
[0009] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
turn on or off selected radiating elements of the plurality
of radiating elements.
[0010] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
control amplitude parameters for selected radiating ele-
ments of the plurality of radiating elements.
[0011] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
control time delay parameters for selected radiating ele-
ments of the plurality of radiating elements.
[0012] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
control phase parameters for selected radiating elements
of the plurality of radiating elements.
[0013] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
generate an omnidirectional radiation pattern by turning
on the plurality of radiating elements and applying differ-
ent time delays or phase shifts or amplitude adjustments
to different radiating elements or groups of radiating el-
ements to produce different omnidirectional wave fronts.
[0014] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
generate a directional radiation pattern by turning on a
selected group of radiating elements that form an arc of
the circular, cylindrical, conical, spherical, or multi-facet-
ed array and turn off other radiating elements that form
a remainder of the circular, cylindrical, conical, spherical,
or multi-faceted array.
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[0015] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are further config-
ured to generate intra-sector, steered directional radia-
tion patterns by applying different time delays or phase
shifts or amplitude adjustments to different radiating el-
ements within the selected group of radiating elements.
[0016] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are further config-
ured to generate two-dimensional or three-dimensional
radiation patterns by turning on one or more radiating
elements in at least one other plane than the selected
group of radiating elements that form the arc of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray.
[0017] In some embodiments of the UWB beam form-
ing system, the plurality of radiating elements arranged
in the circular, cylindrical, conical, spherical, or multi-fac-
eted array are one set of multiple sets of radiating ele-
ments forming multiple rings with different radii.
[0018] In some embodiments of the UWB beam form-
ing system, the one or more TRIUNs are configured to
turn on or off selected radiating elements of a selected
set of radiating elements to generate a directional or om-
nidirectional radiation pattern emanating from a selected
ring of radiating elements with a selected radius.
[0019] In some embodiments of the UWB beam form-
ing system, the multiple sets of radiating elements form-
ing the multiple rings with different radii are tiered or stag-
gered.
[0020] In some embodiments of the UWB beam form-
ing system, the beamformer comprises a cross bar
beamformer configured to generate multiple, independ-
ently steered radiation patterns across multiple sectors
of the circular, cylindrical, conical, spherical, or multi-fac-
eted array.
[0021] In some embodiments of the UWB beam form-
ing system, the cross bar beamformer is configured to
generate the multiple, independently steered radiation
patterns simultaneously in Azimuth and elevation.
[0022] In some embodiments of the UWB beam form-
ing system, the beamformer is configured in a mixer-
based transceiver topology with local oscillator (LO) or
intermediate frequency (IF) phase shifting.
[0023] This Summary is provided solely as an intro-
duction to subject matter that is fully described in the
Detailed Description and Drawings. The Summary
should not be considered to describe essential features
nor be used to determine the scope of the Claims. More-
over, it is to be understood that both the foregoing Sum-
mary and the following Detailed Description are example
and explanatory only and are not necessarily restrictive
of the subject matter claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The detailed description is described with ref-
erence to the accompanying figures. The use of the same
reference numbers in different instances in the descrip-

tion and the figures may indicate similar or identical items.
Various embodiments or examples ("examples") of the
present disclosure are disclosed in the following detailed
description and the accompanying drawings. The draw-
ings are not necessarily to scale. In general, operations
of disclosed processes may be performed in an arbitrary
order, unless otherwise provided in the claims. In the
drawings:

FIG. 1A is a block diagram illustrating a transforma-
ble reconfigurable integrated unit (TRIUN), in ac-
cordance with one or more embodiments of this dis-
closure;

FIG. 1B is a block diagram illustrating a n-channel
switch and n-way splitter implemented by one or
more TRIUNs, in accordance with one or more em-
bodiments of this disclosure;

FIG. 1C is a block diagram illustrating a n-channel
switch and n-way splitter implemented by one or
more TRIUNs, with integrated beam steering, in ac-
cordance with one or more embodiments of this dis-
closure;

FIG. 2 is a block diagram illustrating a circular array
beamforming (BF) system operable in a directional
mode, in accordance with one or more embodiments
of this disclosure;

FIG. 3 is a block diagram illustrating a circular array
BF system operable in an omnidirectional mode, in
accordance with one or more embodiments of this
disclosure;

FIG. 4 is a block diagram illustrating a circular array
BF system operable in a directional mode with sector
beam scanning, or a top view of a cylindrical array
BF system operable in a directional mode with two-
dimensional (2D) beam steering, in accordance with
one or more embodiments of this disclosure;

FIG. 5 is a block diagram illustrating a multiple array
BF system operable in a directional or omnidirection-
al mode, in accordance with one or more embodi-
ments of this disclosure;

FIG. 6 is a block diagram illustrating an integrated
crossbar BF system operable in a directional or om-
nidirectional mode, in accordance with one or more
embodiments of this disclosure;

FIG. 7 is a block diagram illustrating a circular, cy-
lindrical, conical, spherical, or multi-faceted array
multiple integrated crossbar BF system operable in
a directional or omnidirectional mode, with simulta-
neous, independently steered beams in Azimuth or
elevation, where the crossbar beamformer is config-
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ured to control individual radiating elements, in ac-
cordance with one or more embodiments of this dis-
closure;

FIG. 8 is a block diagram illustrating a circular, cy-
lindrical, conical, spherical, or multi-faceted array
multiple integrated 2D crossbar BF system operable
in a directional or omnidirectional mode, with simul-
taneous, independently steered beams in Azimuth
and elevation, where a first (e.g., crossbar) beam-
former is configured to control subarrays of radiating
elements by controlling the respective beamformers
of the subarrays, in accordance with one or more
embodiments of this disclosure;

FIG. 9A is a block diagram illustrating a mixer based
active electronically scanned array (AESA) architec-
ture with local oscillator (LO) phase shifting, in ac-
cordance with one or more embodiments of this dis-
closure; and

FIG. 9B is a block diagram illustrating a mixer based
AESA architecture with intermediate frequency (IF)
phase shifting, in accordance with one or more em-
bodiments of this disclosure.

FIG. 9C is a block diagram illustrating a mixer based
AESA architecture with intermediate frequency (IF)
phase shifting, in accordance with one or more em-
bodiments of this disclosure.

DETAILED DESCRIPTION

[0025] Before explaining one or more embodiments of
the disclosure in detail, it is to be understood that the
embodiments are not limited in their application to the
details of construction and the arrangement of the com-
ponents or steps or methodologies set forth in the follow-
ing description or illustrated in the drawings. In the fol-
lowing detailed description of embodiments, numerous
specific details may be set forth in order to provide a more
thorough understanding of the disclosure. However, it
will be apparent to one of ordinary skill in the art having
the benefit of the instant disclosure that the embodiments
disclosed herein may be practiced without some of these
specific details. In other instances, well-known features
may not be described in detail to avoid unnecessarily
complicating the instant disclosure.
[0026] As used herein a letter following a reference
numeral is intended to reference an embodiment of the
feature or element that may be similar, but not necessarily
identical, to a previously described element or feature
bearing the same reference numeral (e.g., 1, 1a, 1b).
Such shorthand notations are used for purposes of con-
venience only and should not be construed to limit the
disclosure in any way unless expressly stated to the con-
trary.
[0027] Further, unless expressly stated to the contrary,

"or" refers to an inclusive or and not to an exclusive or.
For example, a condition A or B is satisfied by anyone of
the following: A is true (or present) and B is false (or not
present), A is false (or not present) and B is true (or
present), and both A and B are true (or present).
[0028] In addition, use of "a" or "an" may be employed
to describe elements and components of embodiments
disclosed herein. This is done merely for convenience
and "a" and "an" are intended to include "one" or "at least
one," and the singular also includes the plural unless it
is obvious that it is meant otherwise.
[0029] Finally, as used herein any reference to "one
embodiment" or "some embodiments" means that a par-
ticular element, feature, structure, or characteristic de-
scribed in connection with the embodiment is included in
at least one embodiment disclosed herein. The appear-
ances of the phrase "in some embodiments" in various
places in the specification are not necessarily all referring
to the same embodiment, and embodiments may include
one or more of the features expressly described or in-
herently present herein, or any combination of sub-com-
bination of two or more such features, along with any
other features which may not necessarily be expressly
described or inherently present in the instant disclosure.
[0030] An ultra-wideband (UWB) beam forming sys-
tem is disclosed. In embodiments, the UWB beam form-
ing system includes a beamformer (BF) capable of si-
multaneously realizing a "n-channel" parallel RF switch-
ing network that can be reconfigured into a "n-way" com-
biner and/or splitter through the use of transformable
reconfigurable integrated units (TRIUNs).
[0031] TRIUNs may be implemented by the "multiple
mode RF circuits" described in U.S. Patent Nos.
8,660,514 and 8,963,612. TRIUN hardware has been
demonstrated in SiGe BiCMOS RFIC technology, but its
circuit topology can be realized in numerous RFIC foun-
dry processes, such Gallium Arsenide (GaAs), Gallium
Nitride (GaN), Indium Phosphine, (InP), and other exist-
ing or forthcoming integrated circuit foundry technolo-
gies.
[0032] TRIUN technology can also be combined with
Frequency Enhanced Active Topologies (FEAT) to cre-
ate higher gain/bandwidth/linearity capable devices for
enhanced RF performance. FEAT technology is de-
scribed in U.S. Patent No. 9,444,418, which is also in-
corporated herein by reference in its entirety.
[0033] The use of TRIUNs to realize a "n-channel" par-
allel RF switching network that can be reconfigured into
a "n-way" combiner and/or splitter enables simultaneous
directional and omnidirectional BF modes. In an omnidi-
rectional mode, all array elements may be activated (e.g.,
turned on) with the specific amplitude and time delay (or
phase). In a directional mode, one or more TRIUNs may
be configured as a n-channel RF commutating switch for
directional modes by activating only the "1/3 active arc"
of the array.
[0034] Furthermore, the incorporation of inter-channel
level amplitude and time delay (or phase shifting) allows
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UWB beam steering and dynamic array pattern synthesis
for circular, cylindrical, conical and multifaceted planar
conformal AESA arrays. For circular, cylindrical and con-
ical arrays, the omnidirectional mode ripple performance
can be optimized by switching between selective radiat-
ing elements (or subsets of multiple elements) to dynam-
ically grow and shrink the effective array radius as a func-
tion of frequency.
[0035] Multi-beam operation can be realized through
radio-frequency integrated circuit (RFIC) embodiments
of UWB cross bar beamformers. UWB cross bar beam-
formers are described in U.S. Patent Application No.
16/280,573, "Multibeam Cross Bar Electronically
Scanned Array, Filed February 20, 2019.
[0036] Previous attempts to implement a circular, cy-
lindrical, conical, spherical, or multi-faceted array UWB
beamformer have had several drawbacks. For example,
directional mode circular, cylindrical, conical, spherical,
or multi-faceted array AESAs rely on discrete RF switch-
ing networks that tend to be large and complicated, or
they may rely on organ pipe electromechanical scanners
that are narrow band, large, heavy, and have lower Mean
Time Between Failure (MTBF). Omnidirectional mode
circular, cylindrical, conical, spherical, or multi-faceted
array AESAs rely on passive n-way splitters for fixed om-
nidirectional mode, which are not as good as single UWB
omnidirectional antennas and lack mechanisms for opti-
mizing omnidirectional mode ripple for UWB circular ar-
rays. Using a butler matrix for dual omni/directional
modes achieves multiple beams but narrower band, and
fine beam pointing granularity or implementing a large
number of beams creates overly complex circuit topolo-
gies. Super Heterodyne (SuperHet)-based hybrid digital
beam forming (DBF) suffers from narrow IF instantane-
ous bandwidths, and direct DBF has poor SWAP-C, ther-
mal management and untenable digital pipe/data trans-
fer requirements relative to other modern technologies.
[0037] The UWB beam forming systems disclosed
herein can help overcome many of the problems encoun-
tered by previous attempts to implement a circular, cy-
lindrical, conical, spherical, or multi-faceted array UWB
beamformer. The disclosed systems enable an UWB RF
circular, cylindrical and conical array AESA beamformer
that can realize and simultaneously optimizes both direc-
tional and omnidirectional modes of operation in a recon-
figurable fashion. In embodiments, the UWB beam form-
ing systems described herein may achieve/include: mul-
tifaceted planar AESA beamformer architectures to en-
able 360° azimuthal coverage; intra-sector single beam,
electronic beam steering; circular and conical AESA ar-
chitectures whose effective array radius dynamically
changes as a function of frequency to minimize omnidi-
rectional amplitude ripple, and implement circular array
phase mode theory, in an UWB fashion; simultaneous
and independently steered intra-sector beams - both 1D
and 2D independently steered beams - by the integration
of 1D and 2D cross bar beamformer BF sub-architectures
with the dual mode omni/directional BFs; LO based

and/or IF based phase shifting architectures incorporat-
ed into the dual mode BF concepts; hybrid (IF sampled)
or Direct Sampled Digital Beamforming can also be the
horizontal (orthogonal to the first scan plane) to enable
2D beam scanning; and 3D & 2D arrays with complex
3D RF interconnects that can be realized by additive
manufacturing processes (e.g., 3D printing, or the like).
[0038] FIGS. 1A illustrates the circuit symbol represen-
tation of a TRIUN 100 Splitter, and FIG. 1B shows a lower
level embodiment of TRIUN 100 when it is configured to
be in "amplifier" mode with VGA and routing capabilities.
This configuration of 100 can functionality be represented
as an initial amplifier with n-channel passive splitter fol-
lowed by independent switches and VGAs on each RF
output path. The TRIUN 100 RFIC functions as a recon-
figurable splitter and n-way switch with gain control. Var-
iable gain amplifiers (VGAs) 102 are shown for each
channel. The TRIUN circuit topology is a key enabler for
an UWB simultaneous omni/directional mode circular ar-
ray BF.
[0039] FIG. 1C illustrates another example embodi-
ment of a n-channel Switch and n-way splitter implement-
ed by a TRIUN 100 (for a 4-channel example). In this
embodiment, the circuit further include a time delay
and/or phase shift block 104 for each channel. The radi-
ation pattern/beam emitted by an AESA can steered by
controlling the time delay and/or phase shift of each chan-
nel. This is a key enabler for inter-sector beam steering
for a UWB circular array BF in the directional mode.
[0040] Although 4 channels are shown in the example
embodiments illustrated in FIGS. 1B and 1C, more (or
less) than 4 channels are possible. Circuit element non-
idealities is what will ultimately limit the number of parallel
channels that may be implemented. Furthermore, in
some embodiments, multiple TRIUNs 100 may be cas-
caded to implement a higher number of parallel channels.
[0041] Embodiments and example implementations of
an UWB beam forming system that includes TRIUN cir-
cuit topology are illustrated in FIGS. 2 through 9C and
are described below.
[0042] FIG. 2 illustrates a circular array UWB beam
forming system 200 configured for directional mode op-
erability. In embodiments, the UWB beam forming sys-
tem 200 includes a plurality of radiating elements 204
forming a circular (or cylindrical array) and a beamformer
202 coupled to the radiating elements 204. The beam-
former 202 includes one or more TRIUNs 100 configured
to independently control individual radiating elements
204 or groups of radiating elements 204. For example,
the beamformer 202 may include one or more TRIUNs
100 configured as a n-channel switch and/or n-way split-
ter/combiner (e.g., as shown in FIG. 1B or 1C).
[0043] The one or more TRIUNs 100 of the beamform-
er 202 may be configured to turn on or off selected radi-
ating elements 204. In some embodiments, the one or
more TRIUNs 100 of the beamformer 202 may be further
configured to control amplitude parameters for selected
radiating elements 204. In some embodiments, the one
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or more TRIUNs 100 of the beamformer 202 may be fur-
ther configured control time delay and/or phase param-
eters for selected radiating elements 204.
[0044] As shown in FIG. 2, the one or more TRIUNs
100 of the beamformer 202 may be configured to gener-
ate a directional radiation pattern 208 by turning on a
selected group of radiating elements 204 (e.g., elements
204A, 204B, and 204C) that form an arc 206 of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray and turning/keeping off other radiating elements (e.g.,
elements 204D-204H) that form a remainder of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray. In this regard, only the forward arc of radiating ele-
ment 204 is energized. Here, the beamformer 202 may
be configured in a commutating switch mode to energize
selected radiating elements 204, while leaving others
turned off. In embodiments, the active segment (arc 206)
commutates for 360° Azimuthal directional beam cover-
age.
[0045] FIG. 3 illustrates a circular array UWB beam
forming system 300 configured for omnidirectional mode
operability. In some embodiments, the UWB beam form-
ing system 300 and system 200 are the same system,
operable in both directional and omnidirectional modes.
However, to avoid confusion, different numbering is used
herein when discussing each of FIGS. 2 and 3.
[0046] In embodiments, the UWB beam forming sys-
tem 300 includes a plurality of radiating elements 304
forming a circular (or cylindrical array) and a beamformer
302 coupled to the radiating elements 304. The beam-
former 302 includes one or more TRIUNs 100 configured
to independently control individual radiating elements
304 or groups of radiating elements 304. For example,
the beamformer 302 may include one or more TRIUNs
100 configured as a n-channel switch and/or n-way split-
ter/combiner (e.g., as shown in FIG. 1B or 1C).
[0047] The one or more TRIUNs 100 of the beamform-
er 302 may be configured to turn on or off selected radi-
ating elements 304. In some embodiments, the one or
more TRIUNs 100 of the beamformer 302 may be further
configured to control amplitude parameters for selected
radiating elements 304. In some embodiments, the one
or more TRIUNs 100 of the beamformer 302 may be fur-
ther configured control time delay and/or phase param-
eters for selected radiating elements 304.
[0048] As shown in FIG. 3, the one or more TRIUNs
100 of the beamformer 302 may be configured to gener-
ate an omnidirectional radiation pattern by turning on all
the radiating elements 304 and applying different time
delays or phase shifts to different radiating elements 304
or groups of radiating elements 304 to produce different
omnidirectional wave fronts (e.g., wave fronts 306, 308,
310, etc.). In this regard, all the radiating elements 304
are energized in the omnidirectional mode. However,
each radiating element 304 may have a controlled rela-
tive time delay (per circular array phase mode theory)
and/or a different amplitude.
[0049] Wave fronts 306, 308, and 310 illustrate trans-

mission (Tx) mode omnidirectional wave fronts emanat-
ing away from the AESA, each of progressively different
propagation delay/phase shift. The same principles may
apply to receiving (Rx) mode omnidirectional reception.
Here, the beamformer 302 may be configured in a n-way
splitter/combiner mode to energize all the radiating ele-
ments 304 simultaneously.
[0050] FIG. 4 illustrates a circular array UWB beam
forming system 400 configured for directional mode op-
erability with sector beam scanning and/or 2D beam
steering. In some embodiments, the UWB beam forming
system 400 and system 200/300 are the same system,
operable in both directional and omnidirectional modes.
However, to avoid confusion, different numbering is used
herein when discussing each of FIGS. 2, 3, 4.
[0051] In embodiments, the UWB beam forming sys-
tem 400 includes a plurality of radiating elements 404
forming a circular (or cylindrical array) and a beamformer
402 coupled to the radiating elements 404. The beam-
former 402 includes one or more TRIUNs 100 configured
to independently control individual radiating elements
404 or groups of radiating elements 404. For example,
the beamformer 402 may include one or more TRIUNs
100 configured as a n-channel switch and/or n-way split-
ter/combiner (e.g., as shown in FIG. 1B or 1C).
[0052] As shown in FIG. 4, the one or more TRIUNs
100 of the beamformer 402 may be configured to gener-
ate a directional radiation pattern 408 by turning on a
selected group of radiating elements 404 (e.g., elements
404A, 404B, and 404C) that form an arc 406 of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray and turning/keeping off other radiating elements (e.g.,
elements 404D-404H) that form a remainder of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray. In this regard, only the forward arc of radiating ele-
ment 404 is energized. Here, the beamformer 402 may
be configured in a commutating switch mode to energize
selected radiating elements 404, while leaving others
turned off. In embodiments, the active segment (arc 406)
commutates for 360° Azimuthal directional beam cover-
age. The one or more TRIUNs 100 of the beamformer
400 may be further configured to generate intra-sector,
steered directional radiation patterns 408 by applying dif-
ferent time delays or phase shifts to different radiating
elements 404 within the selected group of radiating ele-
ments (e.g., by applying different time delays or phase
shifts to elements 404A, 404B, and 404C).
[0053] In some embodiments, the one or more TRIUNs
of the beamformer 400 are configured to generate 2D or
3D radiation patterns by turning on one or more radiating
elements in at least one other plane than the selected
group of radiating elements that form the arc of the cir-
cular, cylindrical, conical, spherical, or multi-faceted ar-
ray. For example, FIG. 4 may represent a top view of a
cylindrical array in a 2D directional AESA embodiment
with 360° Azimuthal coverage. In such embodiments, lin-
ear arrays or subarrays of the cylindrical array of radiating
elements 404 have local beamformers 402 configured to
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apply time delays or phase shifts to generate 2D/3D
steered beams. Each of the "elements" in the diagram
are now linear, or more generally subarrays, which also
allow a second dimension of beam scanning out of the
plane illustrated in FIG. 4. Time delay or phase shifting
may be incorporated both in the horizontal plane and the
vertical subarrays to enable 2D beam scanning within a
cylindrical, conical or multi-faceted planar array struc-
ture. In some embodiments, hybrid (IF sampled) or Direct
Sampled Digital Beamforming can also be in the horizon-
tal plane (orthogonal to the first scan plane) to enable 2D
beam scanning. 2D and 3D arrays have complex 3D RF
interconnects that can be realized by additive manufac-
turing processes (e.g., 3D printing).
[0054] FIG. 5 illustrates a multiple array UWB beam
forming system 500 configured for directional and omni-
directional modes. FIG. 5 may illustrate two different
topologies: 1) a planar circular array of dynamically
changing array radius; or 2) a stepped cylindrical, quan-
tized 3D pyramid. It is also possible for the system 500
illustrated in FIG. 5 to be a cylindrical array configuration
of end fire radiating elements, such as planar TEM
horn/BAA/Vivaldi elements, e.g., if the elements in the
concentric rings are staggered form another within a ver-
tical slice of the cylindrical array to give each individual
radiating element an unobstructed Field of View (FOV)
as possible.
[0055] In FIG. 5, the circular array beam forming con-
cept has been extended to optimizing omnidirectional
modes utilizing a plurality of linear arrays of radiating el-
ement 506 that form multiple rings with different radii.
The UWB beam forming system 500 includes at least
one beamformer 502 coupled to the radiating elements
506. The beamformer 502 may include or may be coupled
to n-channel switches 504 that connect the beamformer
502 to the radiating element 506.
[0056] In embodiments, the beamformer 502 includes
one or more TRIUNs 100 configured to independently
control individual radiating elements 506 or groups of ra-
diating elements 506. For example, the beamformer 502
may include one or more TRIUNs 100 configured as a
n-channel switch and/or n-way splitter/combiner (e.g., as
shown in FIG. 1B or 1C). Some or all of the n-channel
switches 504 may also implemented by one or more TRI-
UNs 100, either as part of the beamformer 502 or as
separate components that are coupled to the beamform-
er 502.
[0057] As shown in FIG. 5, UWB beam forming system
500 includes multiple sets of radiating elements 506
forming multiple rings with different radii (e.g., radii r1,
r2, r3, r4, etc.). In some embodiments, the one or more
TRIUNs 100 of the beamformer 502 are configured to
turn on or off selected radiating elements 506 of a se-
lected set of radiating elements 506 to generate a direc-
tional or omnidirectional radiation pattern emanating
from a selected ring of radiating elements 506 with a se-
lected radius (e.g., from radiating elements 506 within a
ring having radius r1, r2, r3, or r4). For example, the active

array radius may be selected as a function of frequency
to optimize omnidirectional ripple performance. The ra-
dius of the circular array (or cylindrical, conical, etc.) may
be dynamically adjusted to optimize the omni-mode per-
formance in accordance to circular array phase mode
design theory.
[0058] In some embodiments, the multiple sets of ra-
diating elements 506 forming the multiple rings with dif-
ferent radii are tiered or staggered to reduce radiation
blockage. For example, the arrays may be stacked in a
conical/pyramid configuration so that each ring is at a
different elevation, or the arrays may be staggered so
that the radiating elements 506 are not radially aligned
with one another. An alternative architecture is to have
radial log periodic linear arrays whose phase centers are
designed to migrate away from the array center as a func-
tion of frequency to minimize UWB omnidirectional mode
ripple. Dynamic array radius adjustment minimizes UWB
omnidirectional mode ripple.
[0059] In FIG. 6, the UWB beamforming concepts de-
scribed herein are further extended to simultaneous mul-
tiple, independently steered beams in Azimuth (or eleva-
tion) with an integrated cross bar beamformer 600. As
shown in FIG. 6, the cross bar beamformer 600 includes
synchronized gain/shifter blocks 602 and 604 set up in
row/column architecture to generate P beams across Q
antenna structures 606. For example, in the illustrated
example embodiment, P=4 and Q=4 for conceptual sim-
plicity; however, P and Q can be arbitrary. The antenna
structures 606 can be single elements, subarrays, linear
arrays, planar arrays, conformal arrays, etc., and can be
configured for 1D and/or 2D beam scanning. Directional
and omnidirectional modes are also enabled.
[0060] In embodiments, the linearly aligned antenna
structures 606 that are shown in FIG. 6 may be con-
formed to the perimeter of circular, cylindrical, conical,
spherical, or multi-faceted array array structures. Then,
P beams can be generated for any of the commutated
active circular arcs of the circular array. Additionally, mul-
tiple cross bar beamformers 600 can be driven by a dual
mode omni/directional beamformer (e.g., beamformer
502) as previously described herein. As a result, numer-
ous directional beams covering a 360° FOV are possible;
or, the multiple beams can be collapsed to a single om-
nidirectional mode radiation pattern.
[0061] FIG. 7 illustrates a multiple array UWB beam
forming system 700 configured for directional and omni-
directional modes with simultaneous multiple, independ-
ently steered beams in Azimuth or elevation utilizing one
or more integrated cross bar beamformers 600. In the
embodiment illustrated in FIG. 7, the one or more cross
bar beamformers 600 are integrated within sectors 704
of a circular, cylindrical, conical, spherical, or multi-fac-
eted array. A dual omni/directional mode beamformer
702 includes one or more TRIUNs 100 configured to drive
the one or more cross bar beam formers 600 in the sec-
tors 704 of the circular, cylindrical, conical, spherical, or
multi-faceted array in order to independently control in-
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dividual radiating elements or groups of radiating ele-
ments (e.g., antenna structures 606). For example, the
beamformer 702 may include one or more TRIUNs 100
configured as a n-channel switch and/or n-way split-
ter/combiner (e.g., as shown in FIG. 1B or 1C). In this
regard, the beamformer 702 comprises a cross bar
beamformer 600 configured to generate multiple, inde-
pendently steered radiation patterns across multiple sec-
tors 704 of the circular, cylindrical, conical, spherical, or
multi-faceted array.
[0062] In some embodiments, the cross bar beam-
former 600 is configured to generate the multiple, inde-
pendently steered radiation patterns simultaneously in
Azimuth and elevation. For example, omnidirectional
modes may include single beam omnidirectional radia-
tion patterns, or a plurality of directional beams displaced
about 360° of Azimuth FOV. Hybrid (IF sampled) or Direct
Sampled Digital Beamforming can also be implemented
in the horizontal plane (orthogonal to the first scan plane)
to enable 2D beam scanning.
[0063] FIG. 8 illustrates a multiple array UWB beam-
forming system 800 configured for directional and omni-
directional modes with simultaneous multiple, independ-
ently steered beams in Azimuth or elevation utilizing in-
tegrated 2D cross bar beamformers 600 (e.g., cross bar
beamformers 806 and 808 - in some embodiments,
beamformer 806 may be another type of beamformer).
In embodiments, the UWB beam forming system 800 in-
cludes a transceiver 802 with a master beam steering
computer 804 configured to control cross bar beam
former 806 and further configured to control one or more
slave beam steering computers 810 that control antenna
structure (second) beamformers 808. The antenna struc-
ture beam formers 808 are configured to drive the anten-
na structures 812 (e.g., radiating elements). This archi-
tecture can be adapted to circular, cylindrical, conical and
multifaceted planar structures, as based on the concepts
previously discussed herein. Hybrid (IF sampled) or Di-
rect Sampled Digital Beamforming can also be imple-
mented in the horizontal plane (orthogonal to the first
scan plane) to enable 2D beam scanning.
[0064] Referring now to FIGS. 9A through 9C, all the
previously described BF concepts may be extended to
utilize a local oscillator (LO) based of intermediate fre-
quency (IF) based phase shifter within a mixer-based
transceiver 900 topology. As shown in FIGS. 9A through
9C, the transceiver 900 may include an RF system input
902 that feeds into an IF combiner Radio Frequency In-
tegrated Circuit (RFIC) 904. The transceiver 900 further
includes a LO 906, phase shifters 908 (and/or time delays
916), mixers 910, and VGAs 912. In embodiments where
the transceiver is configured for LO based phase shifting
(e.g., as shown FIG. 9A), the output signals from the IF
combiner RFIC 904 are mixed with phase-shifted LO sig-
nals to generate LO based phase shifted output signals
that are then gain-adjusted and output via radiating ele-
ments 914, or the reverse of these operations when the
transceiver 900 is in a receive (Rx) mode. In embodi-

ments where the transceiver is configured for IF based
phase shifting (e.g., as shown FIG. 9B or 9C), the output
signals from the IF combiner RFIC 904 are phase-shifted
(and/or time delayed) and then mixed with LO signals to
generate IF based phase shifted output signals that are
then gain-adjusted and output via radiating elements
914, or the reverse of these operations when the trans-
ceiver 900 is in a receive (Rx) mode. Mixer-based AESA
architecture with LO or IF phase shifting may be attractive
for mmWave architecture where smaller % bandwidths
are still wide instantaneous bandwidths.
[0065] Various embodiments of an UWB beam forming
system have been described with reference to FIGS. 1A
through 9C. However, in other embodiments, the UWB
beam forming system may be modified without deviating
from the scope of this disclosure. For example, any of
the components/subcomponents (e.g., beamformers,
TRIUNs, radiating elements or antenna structures, mix-
ers, VGAs, LOs, phase shifters, switches, splitters/com-
biners, etc.) described herein may be implemented by a
plurality of components/subcomponents. In this regard,
any reference to "a" or "the" component/subcomponent
should be understood as a reference to "one or more" of
the same component/subcomponent.
[0066] Although inventive concepts have been de-
scribed with reference to the embodiments illustrated in
the attached drawing figures, equivalents may be em-
ployed and substitutions made herein without departing
from the scope of the claims. Components illustrated and
described herein are merely examples of a system/de-
vice and components that may be used to implement
embodiments of the inventive concepts and may be re-
placed with other devices and components without de-
parting from the scope of the claims. Furthermore, any
dimensions, degrees, and/or numerical ranges provided
herein are to be understood as non-limiting examples
unless otherwise specified in the claims.

Claims

1. An ultra-wideband, UWB, beam forming system,
comprising:

a plurality of radiating elements (204) forming a
circular, cylindrical, conical, spherical, or multi-
faceted array; and
a beamformer (202) including one or more trans-
formable reconfigurable integrated units, TRI-
UNs (100), configured to independently control
individual radiating elements or groups of radi-
ating elements of the plurality of radiating ele-
ments.

2. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to turn on
or off selected radiating elements of the plurality of
radiating elements.
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3. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to control
amplitude parameters for selected radiating ele-
ments of the plurality of radiating elements.

4. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to control
time delay parameters for selected radiating ele-
ments of the plurality of radiating elements.

5. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to control
phase parameters for selected radiating elements of
the plurality of radiating elements.

6. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to generate
an omnidirectional radiation pattern by turning on the
plurality of radiating elements and applying different
time delays or phase shifts or amplitude adjustments
to different radiating elements or groups of radiating
elements to produce different omnidirectional wave
fronts.

7. The UWB beam forming system of claim 1, wherein
the one or more TRIUNs are configured to generate
a directional radiation pattern by turning on a select-
ed group of radiating elements that form an arc of
the circular, cylindrical, conical, spherical, or multi-
faceted array and turn off other radiating elements
that form a remainder of the circular, cylindrical, con-
ical, spherical, or multi-faceted array.

8. The UWB beam forming system of claim 7, wherein
the one or more TRIUNs are further configured to
generate intra-sector, steered directional radiation
patterns by applying different time delays or phase
shifts or amplitude adjustments to different radiating
elements within the selected group of radiating ele-
ments.

9. The UWB beam forming system of claim 7, wherein
the one or more TRIUNs are further configured to
generate two-dimensional or three-dimensional ra-
diation patterns by turning on one or more radiating
elements in at least one other plane than the selected
group of radiating elements that form the arc of the
circular, cylindrical, conical, spherical, or multi-fac-
eted array.

10. The UWB beam forming system of any preceding
claim, wherein the plurality of radiating elements
(204) arranged in the circular, cylindrical, conical,
spherical, or multi-faceted array are one set of mul-
tiple sets of radiating elements forming multiple rings
with different radii.

11. The UWB beam forming system of claim 10, wherein

the one or more TRIUNs are configured to turn on
or off selected radiating elements of a selected set
of radiating elements to generate a directional or om-
nidirectional radiation pattern emanating from a se-
lected ring of radiating elements with a selected ra-
dius.

12. The UWB beam forming system of claim 10, wherein
the multiple sets of radiating elements forming the
multiple rings are tiered or staggered.

13. The UWB beam forming system of any preceding
claim, wherein the beamformer (202) comprises a
cross bar beamformer configured to generate multi-
ple, independently steered radiation patterns across
multiple sectors of the circular, cylindrical, conical,
spherical, or multi-faceted array.

14. The UWB beam forming system of claim 13, wherein
the cross bar beamformer is configured to generate
the multiple, independently steered radiation pat-
terns simultaneously in Azimuth and elevation.

15. The UWB beam forming system of any of claims 1
to 12, wherein the beamformer is configured in a
mixer-based transceiver topology with local oscilla-
tor, LO, or intermediate frequency, IF, phase shifting.
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